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ABSTRACT 
The road to electric rope shovel automation is marked with technological innovations that include an 
increase in operational information available to mining operations. The CRCMining Shovel Operator 
Information System not only collects machine operational data but also provides the operator with 
knowledge-of-performance and influences his/her performance to achieve higher productivity with reduced 
machine duty. The operator’s behaviour is one of the most important aspects of the man-machine 
interaction to be considered before semi- or fully-automated shovel systems can be realised.  
This paper presents the results of the rope shovel studies conducted by CRCMining between 2002 and 
2004, provides information on current research to improve shovel performance and briefly discusses the 
implications of human-system interactions on future designs of autonomous machines. 
INTRODUCTION 
In today’s mining operations utilising electric rope shovels, people remain the central components within 
the working system and thus their performance affects the productivity and the revenue stream of the 
mining entity. The improvements in machine performance are being accomplished using new technologies 
to improve operator performance by providing feedback to the operator or to increase machine capabilities 
from semi-automatic to automatic operation. To reach the stage of a fully automated rope shovel, it is first 
necessary to thoroughly examine the man-machine system as it exists today.   
D.J. Oborne in his book “Ergonomics  at Work: Human Factors in Design and Development” (Oborne, 
1995) refers to studies which argued that one of the first and most important questions in man-machine 
system design concerns allocating functions between the operator and the machine. A question, “what kind 
of tasks can and should human operators be performing in a man-machine system?” was posed. In 
response, a number of authors came up with a list of operations carried most efficiently by people and by 
machines (Chapanis, 1960; Murrell, 1971).  Oborne summarises the findings as follows: 
1) “…humans are better decision-makers, are able to improvise, have an abundance of past 
experience and can perceive and interpret complex forms involving depth, space and pattern”. 
2) “Machines…are highly efficient computing, integration and differentiation devices, can deal with 
predictable events very reliably and are useful in hazardous environments” (Oborne, 1995).   
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While the general comparison between “man” and machine cannot be used as a guide to better human-
machine performance for all humans and all machines, that same comparison does point out areas, which 
need to be targeted in scientific investigation in order to develop an automated system. The removal of the 
operator from the machine must be compensated by the machine’s ability to make decisions, to improvise, 
to have past “experience” and to perceive and interpret complex forms (depth, space and pattern).  
The investigation of machine interactions with the environment and human operator interactions with the 
machine and the environment provides the investigators with a large database of knowledge, bringing 
closer the age of automation. Especially important are the operator’s responses to various stimuli and the 
decision-making processes that prompt operators to control the machine in a specific way. 
 Research into rope shovel operations undertaken by CRCMining provides a vehicle for knowledge 
acquisition toward shovel automation.  In this paper, the rope shovel operator feedback system and its 
various components are presented. The monitoring of machine signals, environment sensing and operator’s 
responses to various feedbacks describe the current and future system capabilities for knowledge 
acquisition and machine control.   
ROPE SHOVEL OPERATOR INFORMATION SYSTEM 
At present, the rope shovel operator information system is designed to fulfil two roles: 
1. To monitor machine and operator performance. 
2. To provide the human operator with knowledge-of-performance: his/hers and the machine – 
operator’s feedback. 
The operator feedback system design is being continually updated to accommodate new sensing techniques 
and information processing for a better understanding of the rope shovel working environment.  
Machine and Operator Performance Monitoring 
Initial studies of rope shovel performance (Sheppard et al. 2003) focused on shovel duty, operators’ 
techniques, and the operator-machine interactions.   
Since most of the duty on a rope shovel accrues during digging, when the shovel mechanical components 
are under the highest loads, three specific events were analysed: 
1. Stalling of the hoist machinery during dig.  
2. Swinging during dig. 
3. Slack hoist ropes; “jacking” the boom. 
Focus on these events was based on the frequency and severity of their occurrence and the decision to 
restrict analysis to these factors came as the result of extensive analysis of collected data. The results of the 
studies show that these three events were all a direct consequence of operator digging technique.  
The operator performance was characterised by investigating the following aspects:  
1. Operator’s techniques. 
2. Cycle time components. 
3. Operator cycle times. 
4. Productivity. 
5. Operator technique during dig with respect to: 
a) Hoist system utilisation. 
b) Crowd system utilisation. 
c) Hoist/crowd coordination during dig. 
These initial studies’ proved, with analytical data, that operators have individual styles and that their styles 
significantly affect shovel productivity.  
Current Data Acquisition and Processing System  
The current data acquisition and processing system is based on PC104 technology, which enables greater 
flexibility in the amount of signal detection and processing than the initial Allan-Bradley system. The 
machine signals being acquired are: 
1) Hoist/Crowd/Swing: armature volts, armature currents, field currents, resolver positions, and 
operator references for each motor system. 
2) Dipper trip. 
3) Crowd propel relay. 
4) Hoist/crowd/swing brakes. 
The data acquisition and processing system expansion is closely link with the additional number of sensing 
devices, which are being used to gather additional information about the shovel working environment and 
to enhance operator’s knowledge and understanding of the machine performance under various operating 
conditions.  
Monitoring Instrumentation 
In addition to machine signals, the PC104 based system is being configured to accept data from 
sensors/systems, which image the shovel environment in real-time. The knowledge of where the shovel is 
relative to its digging environment is vital for better operation of the machine. The main component of the 
CRCMining imaging system is the two-dimensional millimetre wave radar (Figure 1) which, when 
combined with the Global Positioning System and signal processing capabilities, allows for visual 
representation of the shovel working area. In addition to the 2D mm wave radar, a laser system (Figure 2) is 
also being tested to determine its applicability to harsh mining conditions. 
The two-dimensional millimetre wave radar measures range based on Frequency Modulated Continuous 
Wave Principle (FMCW). The operation of the FMCW radar relies on the transmission of a series of linear 
chirps using triangular or saw-tooth modulation (Figure 3). Any obstacle within the beam will reflect a 
delayed version of this chirp back to the radar, where it is received through the antenna and mixed with a 
sample of the transmitted signal to produce a beat. The frequency of this beat signal is constant and 
proportional to the distance to the obstacle. To produce an image, it is necessary to scan the narrow beam 
generated by the radar and to monitor the range and amplitude of the echo returns (Brooker et al., 2001). 
Figure 1. 2D millimetre wave radar system 
Figure 2. Laser LD90-3100HS 
Figure 3. FMCW radar waveforms (After Brooker et al., 2001) 
The SICK Laser is a distance, level and speed meter (http://www.riegl.co.at/), which operates on a principle 
of Pulsed Time-of-Flight (Figure 4). The system calculates the distance to the object using the time of flight 
of pulsed light; i.e. the length of time between sending and receiving the beam of light. The result is fed 
into the internal microcomputer, which processes the measured data and prepares it for the various data 
outputs. The SICK laser being used with CRCMining system transmits 9mW, which puts it just within the 
Class 3B range i.e. 5-500mW. However, when in motion, the laser is classified as Class 1, and thus safe for 
24 hour operation (http://www.riegl.co.at/).  
Figure 4. Laser operating principle (After http://www.riegl.co.at/) 
The differences between the two systems are related mainly to their accuracy and the ability to “see” 
through dust, rain, fog and other environmentally related conditions. During the on-the-ground testing of 
the 3D mm wave radar in June 2002, it was shown that the radar can “see” without any difficulties through 
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dust, rain and fog, which has not always been the case with the laser based systems. On the other hand, the 
laser system was shown to be more accurate that the radar.  
However, as Oborne points out (Oborne, 1995) it is not always important to decide which component or 
system can do a particular job better but often the question should be “is the component/system good 
enough for the job?” Taking the extra step, perhaps the question should be rephrased after Fitts (Fitts, 1962) 
to “which component/system will do an adequate job for less money, weight or power, or with a smaller 
probability of failure and less need for maintenance”.  
To answer some of these questions, the radar/laser system will be trialled on a production machine to 
clearly determine how each of the systems performs while located on the machine, with high shock 
loading, and in close proximity to the dig face in various, often severe, environmental conditions. The tests 
results are expected to be available by end of June 2004. 
OPERATOR’S FEEDBACK 
The second role of the CRCMining Rope Shovel Operator Information System focuses on developing and 
implementing a real-time augmented feedback system on a production machine to study the operator’s 
behaviour and the operator’s influence on machine duty.  
Human Component 
This area of research focuses on the human component of the system, i.e. it is a person-centred approach 
(Oborne, 1995), and thus it must accommodate in its feedback design people’s aims, ambitions and 
motivations for both the work and the system. Oborne summarises the important factors in person-centred 
approach as follows: 
1) The technology design needs to reflect the use to which it is to be put.  
2) The way in which information is displayed to the operator, and even the nature of the information 
displayed, should be such as to enhance the operator’s needs to use the material to predict the 
outcome of the events displayed. 
3) The operators interest must be stimulated, however, it must be remembered that boredom can 
occur from both over- and under-stimulation. 
4) The way in which the operator exercises control over the task at hand is equally important when 
considering the individual’s interaction with his/her system since increase control reduces 
indecision and uncertainty of the outcome.  
5) Since individuals are responsible for their actions, and since stress is likely to occur if the 
responsible individual is unable to perform the task effectively, the technology needs to be 
designed after having understood the nature of the individual’s feelings of responsibility and trust 
towards the task (Oborne, 1995).   
The factors listed in Pts 1-5 were considered during the design of a feedback device to reduce the number 
of swing stalls occurring during rope shovel operation. Swing stall, defined as the operator’s attempts to 
swing the machine when the dipper is locked in the bank while digging or swing-during-dig, was found to 
be a significant contributing factor to: 
1) Longer cycle times. 
2) Higher structural and motor stresses. 
3) Greater shovel energy demands. 
4) Increased likelihood of hoist motor stall. 
In addition, for an operator, the consequences of engaging the swing system while digging are often 
difficult to observe due to a lack of visual cues that the machine is at, or close to, swing stall.  Personal 
interviews with shovel operators confirmed that they had little or no awareness of this practice occurring 
and they could see no benefit stemming from it (Sheppard et al., 2003).  
Subsequently, a real-time visual feedback device was developed (Figure 5) that warned an operator of a 
swing stall condition and proffered a course of corrective action to relieve this condition.  The design: 
1) Reflected the use to which it was being put, i.e. the elimination of swing stalls. 
2) The information displayed to the operator was such that it enhanced the operator’s needs to use it 
to predict the outcome of the swing stall. 
3) The operator’s interest was stimulated as indicated by personal interviews (Sheppard et al., 2003); 
however, further studies should be conducted to determine whether an over-stimulation might 
occur at some point in time while using the system. 
4) The use of the feedback information was left to an individual operator; he/she was able to turn it 
off/on. 
5) The operators have developed trust toward this new technology after having tested its responses. 
This in turn, provided a platform to effectively perform the digging operation without swing 
stalls. The operators felt it was their responsibility to first decrease the severity of the stalls and 
subsequently to reduce the overall number of stalls.  
Figure 5. Operator’s feedback display and summary data 
Feedback Results 
The results of the studies conducted at two different locations with various operators have shown the 
effectiveness of the design through a considerable reduction in swing stalls occurring after the feedback 
monitor was switched on. The results from two trials conducted at Coal & Allied, Hunter Valley 
Operations (HVO) on a P&H 4100A Shovel in March 2002 and at BMA Goonyella-Riverside on a P&H 
4100XPB Shovel in March 2003 are presented in Table 1/Figure 6 and Table 2/Figure 7, respectively. 
Additional information on these trials can be found in Sheppard et al., 2003.  
The feedback study used a corrective knowledge-of-performance feedback in a single-case experimental 
design with multiple baselines across participants.  This type of design was preferred primarily so that 
possible contingencies in the production schedule could be taken into account without affecting the validity 
of results. The multiple-baseline design (Komaki, 1986) allowed each operator to experience three 
operating conditions, i.e.: (1) baseline, (2) instruction, and (3) feedback, with each condition including day 
and night shifts to remove possible effects of shift time.  The baseline phase provided levels of swing stall 
before intervention, without operators being aware that data related to the swing stall events was being 
collected.  The baseline trials were followed by an instruction phase, which included presentation of 
information about swing stall to the operators and a description of how to change the behaviour.  At this 
stage, the participants were asked to alter their control of the machine during digging to reduce swing stall 
events but were not given feedback on their performance related to the target behaviour.  The feedback 
stage was real-time corrective knowledge-of-performance information, coupled with hourly summary data. 
Operator Swing Stall Reduction 
from Instruction to Feedback  [%] 
Instruction – Feedback 
Means t-test 
A 90          t(4)   =   6.34, p<0.01 
B 86         t(5)   =   5.04, p<0.0001 
C 77         t(21) =   8.77, p<0.0001 
D 80         t(14) =   5.04, p<0.0001 
E 83         t(13) = 10.76, p<0.0001 
F 65         t(28) =   4.64, p<0.0001 
Table 1. Swing Stall Reduction and t-test Results from Instruction to Feedback Phases 
Hunter Valley Operations Cheshunt Mine (After Sheppard et al., 2003) 
Table 2. Swing Stall Reduction and t-test Results from Baseline to Feedback Phase  
BMA Goonyella Riverside Mine (After Sheppard et al., 2003) 
Other Developments 
From the machine point of view, CRCMining is also investigating tactile feedback devices and multiple 
visual feedback displays. From the environment point of view, it is the interaction of the machine and the 
material that is of paramount importance to further understanding of the rope shovel operation. The 
ultimate goal of these studies in the man-machine environment is to provide the operator with necessary 
feedback to enhance the production of the entire system based on multivariable signal detection and 
processing.  
Operator 
Swing Stall Reduction 
From Baseline to Feedback  [%] 
Baseline – Feedback 
Means t-test 
A 68  t(60) =  6.46, p<0.0001 
B 69 t(54) =  7.62, p<0.0001 
C 50 t(58) =  3.31, p<0.01 
D 29 t(31) =  1.53, n.s. 
E 47 t(37) =  5.47, p<0.0001 
F 37 t(19) =  1.85, n.s. 
Figure 6. Average Frequency of Swing Stall for each Phase, for each Operator at Hunter Valley Operations 
(After Sheppard et al., 2003) 
Figure 7. Average Frequency of Swing Stall for each Phase, for each Operator at Goonyella Riverside 
Operations (After Sheppard et al., 2003) 
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CONCLUSIONS
The optimum performance of an electric rope shovel relies on the machine-environment, machine-operator 
and operator-environment interactions.  Research results indicate that the operator’s behaviour can be 
significantly influenced by real – time feedback.  Studies showed that it is possible to both improve 
productivity and decrease machine duty by providing the operator with knowledge of performance and 
real-time feedback. The introduction of new technology into the man-machine system must follow the 
person-centred approach to achieve the best results. With this focus, the understanding of human behaviour 
in this unique environment can be further explored to advance the cause of automation. 
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